ABSTRACT A binary system, x Li 4 MoO 5 -(1 − x) LiFeO 2 , is studied as electrode materials for rechargeable lithium batteries. A sample of single phase is obtained at x = 0.5, and it is found that Li 1.42 Mo 0.29 Fe 0.29 O 2 (x = 0.5) crystalizes into Li 5 ReO 6 -type structure. Although an initial charge capacity of Li 1.42 Mo 0.29 Fe 0.29 O 2 reaches 350 mAh g −1 , irreversible phase transition associated with oxygen loss and molybdenum migration on charge is evidenced by X-ray diffraction and X-ray absorption spectroscopy. The irreversible phase transition inevitably results in large polarization on discharge as electrode materials in Li cells. These findings provide the basis for the development of high-capacity electrode materials with solid-state redox reaction of oxide ions.
Introduction
Rechargeable lithium batteries are used as power sources for portable electronic devices, and lithium batteries are now used for electric vehicles as a zero emission transportation system. Nevertheless, the demand for increase in energy density of lithium batteries is still growing. Lithium-containing transition metal oxides, such as LiMn 2 O 4 , LiCoO 2 and those derivatives, are used as positive electrode materials for commercial lithium batteries. Lithium-excess manganese oxides, Li 2 MnO 3 and its derivatives, have been extensively studied as high-capacity positive electrode materials in the past decade. [1] [2] [3] Li 2 MnO 3 with tetravalent manganese ions had been thought to be electrochemically inactive because oxidation of manganese ions beyond the tetravalent state is difficult. However, the fact is that Li 2 MnO 3 is electrochemically active and nanosized samples deliver large reversible capacity. 4, 5 Recent studies reveal that charge compensation as positive electrode materials is partly achieved by negatively charged oxide ions, instead of classical transition metal ions. 6, 7 Our group has recently reported that Li 3 NbO 4 with pentavalent niobium ions and Li 4 MoO 5 with hexavalent molybdenum ions are also used as new host structures for high capacity electrode materials. [8] [9] [10] In this study, Li 4 MoO 5 -LiFeO 2 binary system is targeted as a new high-capacity electrode material. Since LiFeO 2 consisting of trivalent iron ions also crystallizes into a cation-disordered rocksalt structure, LiFeO 2 has structural compatibility with Li 4 MoO 5 with the framework structure consisting of cubic close-packed (ccp) lattice of oxide ions. A single phase sample is obtained at x = 0.5 in this binary system. Iron ions substituted in Li 4 MoO 5 donate conduction electrons near the Fermi level, and thus large initial charge capacity is obtained. However, huge polarization on discharge is observed, which originates from oxygen loss as evidenced by X-ray absorption spectroscopy. From these results, we discuss the possibility of high-capacity electrode materials with solid-state redox reaction of oxide ions.
Experimental
Samples on x Li 4 MoO 5 -(1 ¹ x) LiFeO 2 binary system were prepared by a solid-state reaction from of LiOH·H 2 O (Wako Pure Chemical Industries) and Fe 2 O 3 (>99%, Sigma-Aldrich Co.) and lithium molybdenite. The precursors were mixed by using a mortar and pestle and mixtures of the samples were pressed into pellets. The pellets were heated to 1050°C for 24 h in air. Thus prepared samples were stored in an Ar-filled glove box until use to avoid contact with moist air. Particle morphology of the samples was observed using a scanning electron microscope (JCM-6000, JEOL) with acceleration voltage of 15 keV.
Electrode performance of the samples was examined for the carbon composite sample prepared by ball milling. The as-prepared samples were mixed with acetylene black (HS-100, Denka, sample: AB = 90:10 in wt%) using a planetary ball mill (PULVERISETTE 7, FRITSCH) at 300 rpm with a zirconia container and balls. The composite positive electrodes consisted of 76.5 wt% active material, 13.5 wt% acetylene black and 10 wt% poly(vinylidene fluoride), pasted on an aluminium foil used as a current collector. The electrodes were dried at 80°C and heated at 120°C in a vacuum. Metallic lithium (Honjo Metal) was used as the negative electrode. assembled in the Ar-filled glove box. The cells were cycled at a rate of 10 mA g ¹1 at room temperature. Crystal structures of the samples were examined by using an X-ray diffractometer (Bruker, D2 PHASER) equipped with a one-dimensional X-ray detector and Ni filter. For ex-situ XRD measurements, the composite electrode samples were prepared using the electrochemical cells at a rate of 10 mA g
¹1
. The composite electrodes were rinsed with dimethyl carbonate, and sealed in a sample holder to avoid the air exposure in the Ar-filled glove box.
Soft X-ray absorption spectroscopy (XAS) were conducted at BL-10 and 11 (O K-edge and Me L-edges) in the synchrotron facility of Ritsumeikan University (Synchrotron Radiation Center). 12 The absorption spectra were collected with a fluorescence yield mode. The samples were prepared in the Ar-filled glove box, similar to ex-situ XRD measurement, and the samples were set on the spectrometer using a laboratory-made transfer vessel without air exposure.
Results and Discussion
Crystal structures and X-ray diffraction patterns of the samples on the binary system, x Li 4 MoO 5 -(1 ¹ x) LiFeO 2 , are shown in Fig. 1 . The sample of x = 1.0 without iron ions crystallizes into Li 4 MoO 5 , which is classified as one of cation-ordered rocksalt structures with a space group P-1.
13 Hexavalent Mo ions occupy octahedral sites in the ccp lattice of oxide ions, and lithium ions occupy remaining octahedral sites. The sample of x = 0, LiFeO 2 , crystallizes into cation-disordered rocksalt structure. . Note that the sample of x = 2/3 is not a single phase and some peaks assigned to Li 4 MoO 5 is found. Two phases, Li 5 ReO 6 -type and Li 4 MoO 5 -type as major and minor phases, respectively, coexist in this sample.
Particle morphology of the samples observed by SEM is also shown in Fig. 1c . The particle size of Li 4 MoO 5 is found to be large (5-30 µm) even after grinding using a mortar and pestle. LiFeO 2 consists of smaller particle (<5 µm). The particle size of Li 1.42 Mo 0.29 Fe 0.29 O 2 is also large (5-15 µm) with rounded shape and smooth surfaces. To reduce particle size and to improve electrode performance as a composite electrode, as-prepared Li 1.42 Mo 0.29 Fe 0.29 O 2 and 10 wt% acetylene black (HS-100, Denka) were thoroughly mixed by mechanical ball-milling. The particle size of Li 1.42 Mo 0.29 Fe 0.29 O 2 is effectively reduced to a sub-micrometer scale and uniformly mixed with nano-sized carbon (Fig. 2a inset) .
Reversibility of Li (Fig. 2a) , the ball-milled sample shows a large charge capacity of ³350 mAh g
¹1
. Reversible capacity of the ball-milled sample also exceeds 200 mAh g ¹1 , but huge polarization is also noted. The reversible capacities in the series of samples, x Li 4 MoO 5 -(1 ¹ x) LiFeO 2 (x = 1/3, 2/5, 2/3, and 1/2), after ball-milling are also compared in Fig. 2b . The highest reversible capacity is obtained for the sample of x = 1/2.
To further evaluate the electrochemical reversibility, the ballmilled Li 1.42 Mo 0.29 Fe 0.29 O 2 sample was cycled with different cut-off voltages for the charge (oxidation) process (Fig. 2c) . As shown in Fig. 2d , reversibility is improved by lowering the cut-off voltage even though reversible capacity is lowered. Moreover, some changes in the profiles are noted as a function of cut-off voltage. Therefore, differential capacity (dQ/dE) plots derived from Fig. 2c are also shown in Fig. 3 . When the cut-off voltage is low, e.g., 3 .95 V, a reversible redox couple centered at 3.9 V with relatively 6 . 16 A small plateau at 2.5 V on discharge is also noted. The increase in the cut-off voltage to 4.1 V results in depletion of the high-voltage plateau and growth of the 2.5 V plateau. Further increase in the cut-off voltage results in the loss of the 2.5 V plateau on discharge and discharge voltage gradually decreases with a sloping profile. This process reminds us the characteristics of Li 2 MnO 3 -based electrode materials and structural reconstruction processes coupled with irreversible oxygen loss. 17 Therefore, reaction mechanisms of the samples with different cut-off voltage, 4.1 V and 4.8 V, were examined by XRD and XAS. Ex-situ XRD patterns of the samples are shown in Fig. 4 . Diffraction lines related to the Mo ordering, observed in a two theta range of 20-35°, have disappeared after the 4.8 V cycle. Major diffraction lines can be assigned as a cation-disordered rocksalt structure with low crystallinity. Low crystallinity is also observed after discharge to 1.5 V. This observation suggests that an irreversible phase transition, at least including Mo migration in the bulk structure, occurs on the 4.8 V cycle. Some differences are observed on the XRD pattern for the 4.1 V cycle as expected from the results in Fig. 3 . Intensity of diffraction lines related to the Mo ordering are significantly weakened, but still observed after charge to 4.1 V. Moreover, 001 diffraction line is still visible and different from cation-disordered rocksalt structure.
These differences are further supported by XAS study as shown in XAS spectra is found in Fig. 6 . A new peak centered at 527 eV appears and then this peak is assigned to superoxide ions. 19 Superoxide-like species are formed on charge to 4.1 V. Note that the superoxide-like species is enriched in bulk of particles. Clear presence of the superoxide-like species is found for a fluorescence yield mode (bulk sensitive), and not for an electron yield mode (surface sensitive). Recently, similar reports are also found in the literature, Li 3 NbO 4 -LiFeO 2 20 and Li 2 TiO 3 -LiFeO 2 15 binary system. Since superoxide species is chemically unstable, which results in the oxidation and decomposition on further charge to 4.8 V. Indeed, after charge to 4.8 V, intensity of superoxide-like species is significantly weakened, indicating decomposition of superoxide-like species on charge to 4.8 V. Such decomposition reaction of superoxide species leads to oxygen loss, which triggers the structural reconstruction process, and thus Fe and Mo are reduced on discharge. Note that the formation of superoxide species was not evidenced for Li-Nb-Mn system, 8, 20 and therefore it is concluded that the suppression of the formation of superoxide-like species is important to improve the reversibility of solid-state redox reaction of oxide ions.
Conclusions
In this article, x Li 4 MoO 5 -(1 ¹ x) LiFeO 2 binary system has been studied as electrode materials for rechargeable lithium batteries. The single phase sample is obtained at x = 0. 2 with an initial charge capacity of ³350 mAh g ¹1 , irreversible phase transition associated with oxygen loss has been observed after charge to 4.8 V. By lowering cut-off voltage, capacity retention as electrode materials is effectively improved. These findings will contribute further development of lithium-enriched high-capacity positive electrode materials for rechargeable Li batteries based on the reversible solid-state redox reaction of oxide ions.
